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Abstract

Micro-wind turbines (MWTSs) are increasingly recognized as a viable solution for decentralized renewable energy
generation. This is especially true in regions with low to moderate wind speeds. These conditions necessitate
experimental investigations into their aerodynamic performance and optimization. This study examines the power
generation of MWTs with varying blade radii (200mm, 220mm, 240mm, and 260mm) across wind speeds ranging from
3to 12 m/s. It also covers different blade configurations, including an analysis of the effect of blade number. The results
highlight the non-linear relationship between wind speed and power output, with significant increases observed at
higher wind velocities. An experimental test setup was developed to analyze the performance of MWTs under controlled
conditions. The setup includes a wind tunnel capable of generating wind speeds. Precision measurement instruments
record wind speed, torque, and rotational speed. A modular turbine mount, as well as a modular turbine mount, allows
testing of blades with varying radii and configurations. The results demonstrate that power generation increases with
wind speed for all tested blade radii and configurations. A pronounced rise occurs at higher wind velocities, confirming
a non-linear relationship between wind speed and power output. This highlights the influence of blade radius and
number of blades on overall turbine performance.

Keywords: Blade Design Optimization, Low Wind Speed Optimization, Micro-Wind Turbines, Renewable Energy,

Wind Energy Systems.

Introduction

The rapid depletion of fossil fuel sources and the
environmental concerns that accompany them
necessitate the use of renewable energy sources
for power generation (1). Due to its global
accessibility and capacity to generate electricity
without emitting greenhouse gases, wind energy
is among the most promising renewable energy
sources (2). Micro wind turbines (MWTs) have
emerged as a viable solution for decentralized
power generation, particularly in urban and
residential settings where conventional large-
scale turbines are impractical (3). These small-
scale turbines are engineered to effectively
capture wind energy at reduced speeds, offering a
sustainable and environmentally friendly
alternative to conventional fossil fuel-based
power sources (4). The integration of MWTs into
the energy grid not only promotes energy security
and resilience in diverse environments but also
assists in the reduction of greenhouse gas
emissions (5). MWTs are classified into two
categories:
(HAWTS)

(VAWTSs). Each type is optimized for specific

horizontal-axis wind turbines

and vertical-axis wind turbines

environmental conditions and applications.
VAWTs are well-suited for urban environments
due to their superior performance in turbulent
and multidirectional wind environments, while
HAWTs are generally more efficient in stable,
high-wind conditions (6). Flexible blades that can
adjust to changing wind speeds have been
incorporated into MWT technology in recent
years, which has significantly improved energy
capture and efficiency (7). There is a wide range of
turbine blade shapes, including straight blades,
curved designs such as Darrieus and Gorlov types,
and  bio-inspired shapes that enhance
aerodynamic efficiency (8). The recent develop-
ment of flexible or morphing blades in MWTs has
resulted in improved energy capture and
efficiency by adapting to variable wind conditions
(7). The broader adoption of sustainable energy
solutions are significantly facilitated by these
innovations, which render MWTs more efficient,
cost-effective, and suitable for a variety of
renewable energy applications. Blade design and
material selection have been the primary focus of
recent advancements in the optimization of
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MWTs to optimize power output and efficiency. A
dynamically morphing VAWT that optimizes blade
shapes based on azimuthal angle and Tip Speed
Ratio (TSR) using CFD-based optimization and
Free-Form Deformation (FFD) algorithms was
developed by Baghdadi (9). This technique
significantly enhanced power output when used
with a NACA 0021 airfoil. A comprehensive
methodology was built that integrates a GA with
CFD to optimize wind turbine blades (10). The
NACA 4412 was outperformed by their optimized
airfoil, which resulted in a 5.244 m blade for a 5-
kW turbine. This blade achieved a maximum
coefficient of performance (Cp) of 0.4658 ata TSR
of 6, indicating superior performance in a variety
of conditions. The BEM theory was employed and
Q-blade software to optimize small HAWT blades
by the Umar (11). They discovered that SG6043
airfoils at a TSR of 6 generated the highest power
coefficients and outputs, reaching up to 245.09 W.
Consequently, they are well-suited for off-grid
applications and low-wind-speed regions. The
optimization of materials, specifically using PLA
and ABS to design an efficient airfoil blade for a
micro-HAWT (12). In wind tunnel tests, the blade
with 79.77% PLA infill achieved a power output of
97 W,
performance, because of their FEA and MFO
algorithm optimization. The 3D micro-HAWT
blade design was optimized by using CFD analysis
and the MOGA method (13). The study focused on
the distribution of twist angle and chord length,

surpassing the PSO algorithm's

resulting in a 3.6% efficiency improvement at a
TSR of 3.4. Using the Taguchi method, optimized
the blade geometry of ducted micro-HAWTS,
resulting in a 39.4% increase in the maximum Cp
with optimal parameters of 8 blades, 60% solidity,
and a 30° pitch angle (14). Together, these studies
emphasize the progress made in the optimization
of MWTs with advanced algorithms, innovative
blade designs, and material enhancements,
thereby offering a comprehensive approach to
enhancing the efficiency and effectiveness of wind
energy solutions.

Scientists have examined a variety of composite
materials for MWT blades, such as carbon fiber-
reinforced composites for improved bending
strength and glass fiber-reinforced composites for
cost-effectiveness and improved mechanical
properties (15, 16). Furthermore, glass fiber-

reinforced polypropylene nanocomposites
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containing MWCNTs have exhibited substantial
reductions in blade deflection and an increase in
tensile strength, rendering them suitable for both
small and larger wind turbine blades (17).

Recent developments in the field of MWTs have
been characterized by a plethora of experimental
and numerical studies that concentrate on the
optimization of blade design, materials, and
performance under a variety of conditions. The
evaluation of the wind resource characteristics for
MWTs on noise barriers was conducted by
Chrysochoidis-Antsos (18). They discovered
substantial variations in wind speed and energy
yield that were dependent on the height of the
barrier and the direction of the flow. This
evaluation has the potential to result in cost
reductions in the Levelized Cost of Energy. Using
both experimental and CFD simulations, Eltayesh.
demonstrated that turbines with fewer blades
(three-blade configuration) achieve higher power
coefficients than those with more blades (19). The
300W fiberglass wind rotor blade that Kadhim et
al. developed for low-speed winds in Iraq was
successfully tested in practical applications (20).
The blade was simulated using SolidWorks and Q-
blade. An analysis of low Reynolds number airfoils
using CFD and wind tunnel experiments was
conducted by Seifi Davari (21). They identified
significant impacts on vortex shedding and
Reynolds numbers, which were then, analyzed for
their lift coefficient ratios. The micro wind turbines
typically operates in the 10000-100000 Reynolds
number range due to small rotor size and low wind
speeds. In this range of Reynolds number, viscous
effects, early flow separation and reduced lift-to-
drag ratios strongly influence starting torque,
power coefficient and optimal tip speed ratio. An
exhaust fan cum micro wind turbine (EFCMWT)
developed, that generated a maximum power
output of 1.2167 watts, underscoring its potential
to lessen carbon footprints (22). Using material
innovations as a foundation, conducted a
comparison of polymer-based wind blades
composed of PLA and ABS materials (23). They
discovered that PLA outperformed ABS in terms of
stress, strain, and deformation, rendering it the
optimal choice for low wind speed applications.
Together, these studies underscore the ongoing
endeavors and advancements in the enhancement
of the efficiency, material selection, and overall
performance of MWTs through both experimental
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and numerical methods. Acoustically, horizontal
turbines also produce less low-frequency noise
due to a smoother flow of the aerodynamic blades
and less turbulence around the trailing edge (24).
Moreover, HAWTSs have a technological advantage
in that decades of optimization of their design have
resulted in standardized designs, stable control
systems, and predictable performance in different
wind regimes (25). Although relative to the prior
studies, there are remarkable improvements in the
small wind turbines designs, there is still the
dearth of knowledge on how the several designs
attributes, including blade radii, configuration, and
number of blades will affect the power coefficient
at different wind speeds especially in the Cut-in
and rated wind speed regimes. The performance of
micro-wind turbines (MWTSs) is analyzed in this
research paper based on the blade radii,
configurations, and number of blades with respect
to the operational conditions. Several experiments
were performed to evaluate the power
performance at various wind speeds of 3m/s to
12m/s, with indications of how the various design
features would affect the aerodynamic
performance and electricity production.

Methodology
Experimental Test Setup and

Procedure
The experimental setup for testing the horizontal
axis micro wind turbine was designed to evaluate
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its performance under varying wind speeds, blade
radii, and blade configurations. The following
equipment was used: an axial flow fan with
adjustable speed to generate wind, a wind tunnel,
wind turbine, a digital
anemometer, a non-contact type turbine speed

a horizontal axis

sensor, a power meter, and a data acquisition
system. The axial flow fan, controlled by a variable
frequency drive (VFD), was installed at one end of
the wind tunnel to produce adjustable wind
speeds ranging from 3 to 12 m/s. This setup
allowed for precise control of the wind conditions
within the tunnel. The horizontal axis micro wind
turbine was mounted securely inside the wind
tunnel, ensuring optimal alignment with the
airflow. Figure 1 shows that the micro wind
turbine blades with varying radius (200mm,
220mm, 240mm and 260mm) are 3D printed
using thermoplastic polyurethane (TPU) for
flexibility and durability. The images display the
blades from multiple angles: front, back, and both
sides. The aerodynamic design and structural
features of the blades are presented in these
perspectives in detail. We specifically chose the
varying radii of the blades to assess the impact on
power generation efficiency of the turbine. The
design is designed for wind energy capture
maximization and thus to improve the overall
performance of the turbine in the experimental
setup.

nymt

240MM

200MM

220MM 260MM

240MM
(E)

200MM - 220MM 260MM

Figure 1: Actual Photographs of the Turbine Blades Used in the Study as (A) Front Side, (B) Back Side

A digital anemometer was placed at the same
height as the turbine blades to accurately measure
the wind speed within the tunnel. A non-contact
type turbine speed sensor was aligned with the
turbine shaft to measure its rotational speed

(RPM) without physical contact, thus avoiding any
interference with the turbine's operation. The
power meter was connected to the turbine's
electrical output to measure the power generated
during the tests. All

these measurement
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instruments were integrated with the data
acquisition system, which enabled real-time
monitoring and recording of wind speed, turbine
speed, and power output. The experiment was
conducted under the following test conditions:
wind speeds varying from 3 to 12 m/s, blade radii
of 0.2m, 0.22m, 0.24m, and 0.26m, and turbine
configurations with 3, 4, 5, and 6 blades. For each
test condition, the wind speed was adjusted
incrementally using the VFD, and the
corresponding turbine performance metrics were
recorded by the data acquisition system. The
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measurements were repeated three times for each
combination of wind speed, blade radius, and blade
number to ensure accuracy and repeatability.

This comprehensive experimental procedure
allowed for a detailed assessment of the micro
wind turbine's performance, providing valuable
insights into the effects of different operational
parameters on power generation efficiency. The
data collected were analyzed to evaluate the Cp of
turbine and power generation under various
conditions.

anemometer

Wind tunnel
Axial flow fan
with Variable
Frequency Drive >
_
—
Digital

Power meter

—

Ij Data acquisition

system

A

Horizontal axis
micro-wind turbine

f]
‘ Speed

sensor

Figure 2: Experimental Test Setup

Instrumentation

Anemometer

In the present research, the KE-856A commercial
wind speed measuring device was utilized due to
its high accuracy to measure wind speed within the
controlled environment of the wind tunnel. The
KE-856A measures wind speed in the range of 0.3
to 45 m/s with an accuracy of 3% and a resolution
0f0.01 m/s, butitalso measures wind temperature
from 0°C to 45°C. Additionally, it can display air,
making it a versatile tool for detailed wind
analysis. The anemometer was strategically
positioned at the same height as the micro-wind
turbine to ensure precise and representative wind
speed readings that directly impact the turbine
blades. Integrated with a data acquisition system,
the KE-856A facilitated real-time monitoring and
logging of wind speed, temperature, and air
volume data. The device can store 600 groups of
wind reading data, which can be downloaded and
analyzed via PC using the provided USB cable and
customized computer software. The KE-856A
provides high sensitivity, enhanced with low-
friction bearing, ensures accurate detection of

airflow, which is critical for the reliability and
validity of the experimental data. Figure 2 shows
the digital anemometer used for the study.

Speed Sensor

In the present research, a high-precision, non-
contact speed sensor (DT-2234C) was employed to
measure the rotational speed of the micro-wind
turbine. The speed sensor was mounted on a tripod
stand at an appropriate height and distance
alongside rotating turbine to measure real-time
speed. Utilizing laser or
technology, this sensor provided accurate RPM
measurements  without  physical contact,
minimizing interference and mechanical wear.
With a measurement range from 2.5 to 99,999 RPM
and an accuracy of £0.05% + 1 digit, the sensor
ensured reliable and precise data collection. The
resolution was 0.1 RPM for speeds below 1,000
RPM and 1 RPM for speeds at or above 1,000 RPM.
Integrated with the data acquisition system, the

turbine infrared

speed sensor facilitated real-time monitoring and
recording of the turbine speed across various wind
speeds and blade configurations. This integration
enabled the synchronization of RPM data with
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wind speed, providing a comprehensive dataset for
analysis. The continuous data logging capability of
the system allowed for detailed performance
evaluation and optimization of the micro-wind
turbine under different operating conditions.
Power Meter

In the present research, a precision power meter
was utilized to measure the electrical power
generated by the micro-wind turbine. The power
meter was connected to the output terminals of the
turbine to accurately capture the voltage and
current produced during the experiments. This
device was crucial for providing real-time
measurements of the turbine's electrical output,
allowing for immediate assessment of
performance under varying wind speeds, blade
radii, and blade configurations. The power meter
was integrated with the data acquisition system,
which enabled continuous recording and
synchronization of power output data with other
critical parameters such as wind speed and turbine
rotational speed (RPM). This setup facilitated
comprehensive data collection and ensured that all
relevant performance metrics were accurately
logged for subsequent analysis. The high accuracy
and resolution of the power meter were essential
for understanding the efficiency of the turbine and
for making precise comparisons across different
test conditions.

Data Acquisition System

In this research, an advanced data acquisition
system (DAS) was employed to measure and
collect critical performance data of the micro-wind
turbine. The DAS was integral to the experimental
setup, enabling real-time monitoring and
recording of key parameters, including power
output, turbine rotational speed (RPM), and wind
speed. The DAS was interfaced with a power meter
to accurately capture the electrical output of the
turbine, while a non-contact turbine speed sensor
provided precise RPM measurements.
Additionally, a digital anemometer supplied
continuous wind speed data. Integrating these
instruments into the DAS ensured synchronized
and comprehensive data collection, facilitating
detailed analysis of the turbine's performance
under various operational conditions.

Axial Flow Fan with VFD

In the present research, an axial flow fan equipped
with a variable frequency drive (VFD) was utilized
to generate variable wind speeds within the wind
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tunnel. The VFD allowed precise control of the
rotational speed of the fan, enabling the creation of
consistent and adjustable wind speeds ranging
from 3 to 12 m/s. This capability was crucial for
simulating different wind conditions and ensuring
the accuracy and reliability of the experimental
data. By adjusting the RPM of the fan through the
VFD, the wind speed was systematically varied,
and performance of the micro-wind turbine was
assessed under diverse scenarios. This setup
provided a controlled environment essential for
evaluating the effects of different blade radii and
blade numbers on the power output of turbine,
rotational speed, and overall efficiency.

Wind Tunnel

In the present research, a wind tunnel was
employed to create a controlled environment for
testing the micro-wind turbine. The wind tunnel
allowed for consistent and reproducible wind
conditions, essential for evaluating the
performance of the turbine across various
scenarios. By generating a uniform airflow, the
wind tunnel ensured that the wind speed,
direction, and turbulence levels remained stable
throughout the experiments. This stability was
critical for accurately measuring the power output
of the turbine, rotational speed (RPM), and other
performance metrics under different wind speeds,
blade radii, and blade configurations. The
controlled setting of wind tunnel enabled precise
manipulation of test conditions, facilitating
detailed analysis and comparison of the turbine
efficiency and behaviour in response to changes in
operational parameters. Overall, the wind tunnel
played a pivotal role in providing the consistent
and controlled wind environment necessary for
the comprehensive evaluation of the performance
of the micro-wind turbine.

Repeatability Test and Uncertainty

Measurement

A repeatability test was conducted to ensure the
reliability and consistency of the experimental
measurements obtained for the MWT across
varying configurations. The repeatability test
involved repeating the measurements under
identical conditions multiple times to estimate the
precision of the data. Key parameters were
measured repeatedly to assess the variation
between successive trials.

Measurement of uncertainty is an imperative step
for enumerating the potential variations in
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measured values emerging from underlying
inaccuracies in measurement instruments,
experimental  setups, and environmental
conditions. In this study, standard uncertainty (U)
and the uncertainties associated with key
parameters, including air density (p), swept area
(As), air velocity (V), and turbine blade speed (N)

Table 1: Measurement of Uncertainty
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were systematically evaluated for the MWT across
different configurations. This analysis provides a
complete insight of the measurement inconsisten-
cy and ensures the reliability of the experiment-
tal results. Table 1 represents uncer-tainty in the
measurement of these measured quantities.

Parameter Measured Value Uncertainty Percentage Uncertainty (%)
Air Density (p) 1.225 kg/m3 +0.02 kg/m3 1.63
Swept Area (As) 0.5 m2 +0.01 m2 2.00
Air Velocity (V) 10m/s +0.3m/s 3.00
Turbine Speed (N) 1500 rpm +20 rpm 1.33

The total uncertainty in the measurement is calculated by equation [1].

Total uncetainty = /Up? + UAs2 + UVZ + UN?2

The total uncertainty in the measurement is within
the permissible range (£5%). The results
demonstrated minimal variation, with deviations
well within acceptable limits, confirming the
repeatability of the experimental setup.

Results and Discussion

The power generation from the MWT with varying
blade radii (200mm, 220mm, 240mm and 260mm)
over wind speeds ranging from 3-12 m/s for
varying blade configurations are demonstrated in
the Figure 3(A) and 3(B). Itis obvious from Figures
3(A-D) that the power generation increases with
increasing wind speed for all blade configuration
and blade radii. The rise in power generation is
prominent at higher wind velocities, exhibiting
non-linear relationship between wind speed and
power generation. This is attributed to the fact
that, the power generation is proportional to the
cube of the wind speed (V3). Moreover, increasing
the blade radii had a positive effect on power
generation. A MWT with higher blade radii
generates higher power at a given wind speed and
blade count. This is because, turbine with higher
radii acquires more wind energy on account of
increased sweptarea. For instance, 20% increasing
the blade radii (200 to 240 mm) results in 44% rise

=+417%  [1]

in swept area (As) of the turbine. At low wind
speeds, the difference between the power
generated by smallest (200mm) and largest
(260mm) radii turbine is very low, which increases
substantially at higher wind speeds. Namely, for a
3 blade configuration, the turbine produces 2.44
times more power with a 260mm radii turbine
compared to 200mm radii turbine. Additionally,
increasing the number of blades provides higher
starting torque which enables turbine to rotate and
generate power even at low wind speeds.
Additional blades offers a higher surface area that
enhances the ability to harness wind energy at low
wind speeds. As a consequence, increased number
of blades increased power generation, especially at
lower wind velocities. With increased wind speed,
the aerodynamic drag over the blade surface
increases substantially. For turbines with high
blade count, drag becomes
significant, reducing the efficiency of energy

aerodynamic

conversion. Furthermore, higher blade count leads
to airflow interference over adjoining blades
disturbing the steady flow of air. As a result, the
difference in power generation between turbines
with varying blade number becomes insignificant
but still favors configurations with more blades.
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Coefficient of Performance (Cp)

Deviation of Cp of a MWT with varying blade radii
and varying blade numbers over a range of wind
speeds (3-12 m/s) are shown in Figures 4(A-D). At
lower wind speeds, Cp is lower which tend to
increase with increased wind speed to an extent
and starts to decline at higher wind speeds. The
turbine demonstrates same trend for Cp
irrespective of blade configuration and blade radii.
At low wind speeds, a major portion of the wind
energy is utilized to overcome mechanical friction
and inertia. As a result, the turbine produces less
power with lower Cp value. With increased wind
velocity, a higher portion of wind energy is
power with
coefficient of performance. Irrespective of the
blade radii and blade count, turbine provides
higher efficiency in the wind speed range of 6-8

converted to useful increased

m/s with higher value of Cp. Increasing the blade

(D)
Figure 3: Power Generated by Micro-Wind Turbine with Varying Blade Radii with (A) 3-blade, (B) 4-
Blade, (C) 5-Blade and (D) 6-Blade Configuration Power Generation

count and blade radii have positive impact on the
Cp across all wind speeds owing to the increased
sweptarea and blade surface area. For example, for
a turbine with 200mm blade radii, the average
coefficient of performance values over all wind
speeds recorded are 0.263, 0.278, 0.292 and 0.31
for 3, 4, 5 and 6 blade configurations respectively.
Similarly, for a 3-blade turbine, the average Cp
values are 0.263 at 200mm, 0.29 at 220mm, 0.34 at
240mm and 0.368 at 260mm blade radii. Beyond
the optimal wind speed range, the coefficient of
performance tends to decline with increased wind
speed. This is because the drag force on blades
increases with increased wind speed thereby
reducing the lift force. As drag force is proportional
to the square of wind velocity, drag force becomes
significant at higher wind speeds. This reduces the
net lift force generated by blades, reducing the
coefficient of performance of turbine.
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Figure 4: Variation of Coefficient of Performance with Wind-Speed with Varying Number of Blades for a
Blade Radius of (A) 0.20m, (B) 0.22m, (C) 0.24m and (D) 0.26m

Turbine Speed This rise is anticipated due to higher wind speeds

Figures 5(A-D) depict variation of turbine speed delivering higher Kkinetic energy over blades
with wind speed for a MWT with varying blade leading to higher rotational speeds. For example,
radii (R0.2m, R0.22m, R0.24m and R0.26m) and for a 3-blade turbine with R0.2m, the rotational
varying blade counts (3-blade, 4-blade, 5-blade speed increased to 1552 rpm at a wind speed of
and 6-blade). For all turbine configurations, 12m/s from 416 rpm at 3 m/s. At a particular wind
turbine speed increases linearly with wind speed. speed, a turbine with smaller blade radii rotates at
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higher speed compared to larger blade radii.
Smaller blade radii experience lower aerodynamic
drag empowering blades to rotate faster.
Additionally, smaller blades typically have a higher
lift-to-drag ratio, representing greater efficiency in
converting wind energy into rotational motion of
blades. As a consequence, the turbine with R0.2m
continuously shows higher speed across all turbine
configurations. Furthermore, larger blades possess
high mass and inertia, which results in retarding
the turbine speed. This effect is magnified at higher
wind speeds where aerodynamic forces are more
significant.  Larger blades are subjected to

Vol 7 | Issue 1

substantial mechanical and structural stress at
higher wind speeds limiting turbine speed to
prevent damage. Owing to this effect, the speed
difference between turbines with smaller and
larger radii is minimal at low wind speeds and
becomes more pronounced at higher wind speeds.
For instance, a 4-blade turbine rotates at 392 rpm
and 320 rpm with a blade radius of 0.2 and 0.26m
at lower wind speed (3 m/s) respectively. While at
higher wind speed (12 m/s), the smallest and
largest turbines rotate at 1568 and 1205 rpm
respectively.
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Figure 5: Variation of Turbine Speed with Wind Speed with Varying Blade Radii for (A) 3-Blade, (B) 4-
Blade, (C) 5-Blade and (D) 6-Blade Configuration

Conclusion

This study illustrates the significant impact of
blade design parameters, such as blade radii,
configurations, and the number of blades, on the
power efficiency of micro-wind

turbines (MWTs). Experimental results indicate a

generation

non-linear relationship between wind speed and
power output, with notable increases observed at
elevated wind velocities. The findings emphasize
the necessity of optimizing blade geometry and
configurations energy capture,
especially in low to moderate wind conditions.
This study offers important insights for enhancing
the design and efficacy of MWTs, reinforcing their
function as sustainable options for decentralized
renewable energy production. An increased blade

to enhance

count results in airflow disruption among adjacent
blades, thereby disturbing the uniform flow of air.
The difference in power generation among
turbines with varying blade counts becomes

negligible, yet configurations with a higher number
of blades remain advantageous. The turbine
generates reduced power output when the Cp
value is lower. As wind velocity increases, a greater
proportion of wind energy is transformed into
useful power, resulting in an elevated coefficient of
performance. The turbine demonstrates increased
efficiency within the wind speed range of 6-8 m/s,
regardless of blade radii and count, exhibiting a
higher Cp. Increasing the blade count and blade
radii positively affects the Cp at all wind speeds
due to the enhanced swept area and blade surface
area. The average coefficient of performance
values for a turbine with 200mm blade radii across
all recorded wind speeds are 0.263, 0.278, 0.292,
and 0.31 for configurations with 3, 4, 5, and 6
blades, respectively. For a 3-blade turbine, the
average Cp values are 0.263 at a blade radius of
200mm, 0.29 at 220mm, 0.34 at 240mm, and 0.368
at 260mm. The effect is amplified at increased
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wind speeds, as aerodynamic forces become more
pronounced. Larger blades experience significant
mechanical and structural stress at elevated wind
speeds, necessitating a limitation on turbine speed
to avert damage. The speed difference between
turbines with smaller and larger radii is negligible
at low wind speeds but becomes more significant
at higher wind speeds. A 4-blade turbine operates
at 392 rpm and 320 rpm with blade radii of 0.2 m
and 0.26 m, respectively, at a lower wind speed of
3 m/s. At a wind speed of 12 m/s, the smallest and
largest turbines operate at rotational speeds of
1568 rpm and 1205 rpm, respectively.
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